Abstract. Characterisation of materials under high strain rate is always challenging, and requires sophisticated apparatus. Magnetic pulse forming techniques can involve high strain rate deformation and the electromagnetic ring expansion test (ERET) is considered here to determine its suitability to characterise materials at high strain rate. The multi-physics and high speed nature of the process requires advanced numerical modelling techniques to gain insight and understanding of stress development when used as a material characterisation technique. In order to evaluate the suitability of the ERET to fully characterise the material behaviour at high strain rate, stress states were investigated using 3D coupled mechanical-electromagnetic simulations on a validated numerical model. The numerical simulations were performed in LS-Dyna ® with a modified Johnson-Cook (MJC) material model in this study. Albeit the preliminary results show the development of biaxial stress during the test, a shielding mechanism is proposed to eliminate the axial component of the stress on the rings. This study indicates that the ERET has a potential to be used for characterisation of the material parameters under the influence of high strain rate.
Introduction
In general, manufacturing processes such as forging, forming, stamping and cutting are typically involved with strain rate of 10 2 -10 4 s -1 [1] . Further increase in strain rate is experienced by materials under high speed manufacturing processes such as electromagnetic pulse forming [2] [3] [4] and electromagnetic pulse welding [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , vaporising foil actuator welding [15] [16] [17] , friction stir processing [18] [19] [20] , explosive welding [21] , and other high speed impact conditions like explosion or cold spray processing [22, 23] . Material characterisation at high strain rate also requires precise measurement techniques to capture the behaviour within the short duration of a mechanical test [1] .
The present study proposes and evaluates the suitability of an electromagnetic ring expansion test (ERET) to be used in the characterisation of material under high strain rate conditions including the damage behaviour. The ERET is based on a ring expansion which is facilitated by the Lorentz force due to the change in magnetic field. Furthermore, this technique could especially be suitable for the characterisation of tube materials that contain residual stresses created during the fabrication of tubes from sheet metals.
In order to fully characterise a material, one should consider capturing the elasto-plastic and damage behaviours of the material under the exact nature of the process condition. A material characteristic could be simply altered by the working conditions of temperature and strain rate. The stress state, that can be interpreted based on Lode angle parameter and triaxiality, play a major role in damage behaviours of a material [24] [25] [26] . In order to investigate the suitability of the ERET for material characterisation, the stress state has been investigated in this study for various scenarios of the test. Triaxiality and Lode angle parameters are important, and require being consistent during the damage to determine the fracture strain of a material to treat it as a one dimensional tensile test.
A validated coupled mechanical-electromagnetic 3D model has been used under various conditions to evaluate the stress cases during the ERET. The validation step of the model is also described and the experimental result shows reasonable agreement with the numerical simulation. The coupled simulations performed with LS-DYNA ® , which uses both finite element method and boundary element to solve such problems. The preliminary predictions indicate that the ring experiences bi-axial stresses resulted from radial and axial components of the Lorentz forces. However, minimising the height of the ring reduces the influence of biaxiality of the stress state that cannot eliminate the longitudinal component of the compressive stress on the rings. Therefore, this study has been extended by using a shielding mechanism to control the axial component of stress experienced by the ring, which is promising for the characterisation of materials under high strain rate condition in a uniaxial fashion.
Materials and method

Experiment design
Applied source current in a helix coil creates the required magnetic field and Lorentz force during electromagnetic forming processes. In this case, the coil was designed to be fixed and made of copper alloy Cu-Zr-Cr 18150 with a cross section of 6.35 mm × 6.35 mm. This helix coil has 5 turns with a helix pitch of 8 mm. It has an inner diameter of 25.45 mm. A schematic illustration of the coil used in this study is shown in Figure 1 . The expansion ring used in the simulation was made of aluminum alloy Al 6061 -T6 with an inner diameter of 47.4 mm and thickness of 1.7 mm. In order to analyse the influence of height on the stress state, 3 different heights (h in Figure 1 ) of the ring were chosen with 3.2 mm, 6.4 mm and 9.6 mm.
An experimental case with 6.4 mm height of the ring was used to validate the model. The experiment was performed at Ohio State University with the aluminum rings made from Al 6061-T6 tube stock. Figure 2 shows the design of the helix coil with leads, which is potted with epoxy in a fiberglass tube. Leads of the same material were brazed to the helix. The velocity was measured using photonic Doppler velocimetry (PDV) system [27] . The experimental current flow through the cross section of the helix was measured using Rogowski coil and used in the numerical simulations. The time versus current evolution is shown in Figure 3 . From preliminary simulations, it was identified that the stress states are not the same at various locations of the ring due to the uneven distribution of the Lorentz force on the ring. The stress states of top and middle regions of the ring are used to explain the development of stresses during a ring expansion test and the suitability to use the test for high strain rate material characterisation.
Later models are used with a controlling mechanism using shield blocks to eliminate the development of compressive stress during the ERET. The controlling shield blocks setup is shown in Figure 4 . The shield used in this study consists of two thick ring shapes made of copper and fixed in place during the simulations (i.e. the deformation on these shield blocks are neglected and considered to be used here to block the vertical force components acting on the ring). The main function of the shield is to eliminate magnetic fields in the radial direction, thus the compressive Lorentz force on the ring is minimized. More explanation on this topic is included in Section 3.3. 
Simulation method
A coupled mechanical-electromagnetic numerical simulation was carried out to investigate the development of stresses during the ring expansion test. This simulation used LS-DYNA numerical package with integrated solver version R8 [28] .
Based on Maxwell's equations and Biot-Savart's law, a combined finite element method (FEM) with boundary element method (BEM) is used during the calculation of magnetic field and Lorentz forces in LS-DYNA [29] . BEM is used to compute the surface current and electromagnetic field thus the magnetic field in the air is not required in LS Dyna ® simulations. FEM is used during the computation of eddy current and Lorentz force in the ring. At each electromagnetic time step, the electromagnetic and mechanical computations are coupled.
In order to implement the constitutive behavior of the material in the model a modified Johnson-Cook model [28] was chosen as expressed in Equation 1.
where, ̅ and ̅ are the von Mises equivalent stress and strain respectively, ̅ is the strain rate. Here ̅ is equal to 1/s and is a dimensionless temperature parameter. A, B, C, n, and m are constants, obtained from literature, given in Table 1 [30] . The coil was fixed and set as rigid in the model. The influences of both temperature increase and high strain rate are considered in this model. However, the electrical conductivity change due to the temperature increase is neglected in this present work. Longitudinal and transverse views of the meshed model used in the simulation are respectively shown in Figure 5a and 5b. The model used solid 8 nodes brick elements for both coil and the expansion ring. The element size is 0.8 mm in height and 0.57 mm in thickness, which is smaller than skin depth 0.7 mm in this case. Details of the skin depth can be found elsewhere [31] . It is also ensured to capture the electromagnetic skin depth effect during the simulation. 
Material
The electromagnetic ring expansion test has a multi physics nature which requires effective coupling between mechanical, electrical, magnetic and thermal components.
Physical quantities of the Al 6061-T6, the density, Young's modulus, Poisson's ratio are respectively set as 2700 kg/m 3 , 68.9 GPa and 0.33. Electromagnetic and thermal properties of both the ring and the coil are given in Table 2 . 3 Results and Discussion Figure 6 shows the comparison between predicted and measured velocities for the case of 6.4 mm height.
Validation of numerical simulation
Although fracture occurs at the time of ~100 μs during the experiment while the damage parameters are not yet included in the present study, this model still can be used to investigate the stress state during the ring expansion process. Thus, the simulation was carried out for the first 100 μs. The simulation result shows a good agreement with the experiment. Nevertheless, the comparison shows a deviation of 10% in the maximum velocity, the tendency is well captured during the simulation. This could be due to high strain rate effect, while the aforementioned Johnson-Cook parameters may fail to represent the accurate behavior of the material. This is also in agreement with another study, where lower energy cases (i.e. lower strain rate case) agree well compared to higher energy cases for same material parameter [32] . This situation also highlights the definite requirement of the material calibration for respective strain rates. More information on the material calibration using ring expansion test could be found elsewhere [32] [33] [34] [35] .
The discrepancy could also arise from the numerical conditions such as mesh convergence and the time step used in this study. In this present study a single point PDV was used, the results could also be improved using multipoint PDV system for this measurement to improve the accuracy. 
Stress state analysis of the ring during preliminary simulation
During the ring expansion, the radial component of the force drives the deformation and causes angular stress component in the ring. In ERET, there exists compression force along the longitudinal direction which makes the case as biaxial. Both the radial and longitudinal components of Lorentz forces are proportional to the square values of the input current, but due to the longitudinal symmetry of the force, this test allows to have only radial motion of the ring. Besides, the longitudinal compression force is a body force so that has varying influences on the top (or bottom) and middle region of the ring. Therefore, in order to study the stress state, the middle and top regions of ring are considered separately.
In order to study the damage behavior of materials, one could consider investigating Lode parameter and triaxiality [28] . Therefore, these parameters are carefully investigated for the test to determine the suitability of the ERET for material characterization. These parameters are computed from Cauchy stress tensor σ and the stress deviator S using the Equations 2-4.
The Lode parameter is defined by Equation 5 .
The Lode parameter shows the relationship between shear stress and compression or tensile stress, when =1, =0 and =-1 respectively indicates an expansion case, a pure shear case and a compression case.
The triaxiality is defined by Equation 6. The triaxiality is used to determine the complexity of stress cases, where =0.33 indicate a uniaxial tensile test case. Figure 7 shows the map of triaxiality and lode parameter variance for various tests and stress cases [36] . The Lode parameter versus plastic strain for the middle and top regions of the ring are respectively shown in Figure 8a and 8b. During the simulation, the ring with 9.6 mm height only reach ~15% plastic strain because it requires more energy for its expansion than that of other rings with shorter height. Figure 8a shows, the Lode parameter is always equal to 1 at the top region of the ring, which signifies that the stress development in the top region of the ring is similar to an axial symmetric tensile mode (Figure 7) . The bottom side of the ring also has the similar results due to the symmetry.
In contrast, Lode parameter varies in the middle region of the ring (Figure 8b ), while 9.6 mm height ring shows the maximum variation (~ 0.3 to 1) and 3.2 mm height ring has the minimum variation in comparison among these 3 cases. It is clear that due to the magnetic field decrease from the middle towards both top and bottom ends of the ring that significantly influences the stress development at various locations of the ring during the ERET. This difference also increases with the increase in ring's height. Consequently, the ERET with smaller height of the ring better represents a pure (radial) compression or expansion stress case. Figure 9a shows triaxiality parameter of the top region that varies between 0.23 and 0.34, which covers close to the value 0.33. Combine with the Lode parameter property, the stress on the top and bottom of the ring could be considered as similar to a case of uniaxial tension on smooth round bars (Figure 7) . The triaxiality of 9.6 mm ring shows more closeness to 0.33 among these three heights because of the role of compressive Lorentz force caused by the radial component of magnetic field. This radial magnetic field on the top surface of 9.6 mm ring is smaller than that of other cases that leads to have minimum compressive force among these 3 cases.
(a)
(b) Figure 9 . Triaxiality in each case on the top region (a) and middle region (b) of the ring.
Triaxiality in the middle of the ring (Figure 9b ) varies between 0.03 and 0.35 in different cases. The compressive Lorentz force is also a body force. As a result, the longitudinal compressive stress on the top or bottom of the ring is negligible while it is comparable to the angular expansion stress in the middle region of the ring. This force also significantly influences the rings with large height, which bears more force and experiences a very unstable triaxiality.
According to the aforementioned results, the stress state of top and bottom regions of the ring shows a close connection with a uniaxial tensile test case while the stress state of middle region indicates a complex scenario; 3.2 mm height indicates closeness with tensilecompressive stress case and 9.6 mm height shows tensilecompressive-shear stresses.
Improvement of stress state towards uniaxial using shield blocks
A control mechanism using shield blocks is proposed and investigated to improve the stress state by eliminating the axial compressive Lorentz force components on the expansion ring. A 6.4 mm height ring sample is investigated in this simulation using the model described in Figure 4 to evaluate the proposed shielding mechanism. Figure 10 shows that the triaxiality is more stable and close to 0.33 (~ 0.32-0.35) and Lode Parameter is always equal to one for the entire simulation with the shield blocks. The results indicate that the shielding mechanism eliminates the radial component of the magnetic field which creates the compressive Lorentz force in previous cases. Therefore, stress state obtained in this case of electromagnetic ring expansion test agrees well with a uniaxial tensile test case. Therefore, the ERET with the proposed shielding mechanism could be considered to characterise materials in a similar manner to a tensile test with the implemented role of high strain rate behaviour. Although the maximum plastic strain is significantly reduced because of the presence of shield blocks, several solutions could be considered to increase the plastic strain by increasing the input current or creating a notch in the ring or using a smaller height rings than considered in this study. In order to verify and achieve large plastic stain, the same model was investigated with an increased input current. The ordinate values (y values) of the electric current data shown in Figure 3 are scaled by 2.5 times without altering the abscissa values (i.e without changing the frequency of the current), to investigate the influence of the electric current. The triaxiality and Lode parameter results obtained from the new model are shown in Figure 11 .The results in Figure 11 show the increase in plastic strain with a stable triaxiality (~ 0.33) and load parameter (~ 1.0) that obtained with an increased input current. Although, the triaxiality and Lode parameter fluctuate at low plastic stain due to the biaxial stress, one could consider other options of reducing the height of the ring or using a notch, to closely resemble the required uniaxial stress state to cause failure for a test criterion.
Conclusions
Suitability of the electromagnetic ring expansion test to fully characterise material at high strain rate is investigated using coupled 3D numerical modelling. Firstly, the validation of the numerical method was made with the experimental results. After that, stress states were investigated to determine the stress development during the test using the validated model that indicates the development of biaxial stress components and which significantly differ from a uniaxial tensile test cases. It was also identified that the compressive Lorentz force on the ring that influences the stress state and leads to the biaxial nature. Moreover, the biaxiality is significantly apparent in the middle region of the ring as compared to top and bottom edges. Furthermore, the complexity of the stress state increased with the increase in height of the ring. Finally, a shielding mechanism was proposed to avoid the compressive Lorenz force and that enables the development of a stress state closely resembling that during a uniaxial tensile test case. This setup could be used experimentally to characterise materials under high strain rate conditions. 
